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We calculate new constraints on extra neutrino interactions via light Abelian vector bosons, where
the boson mass arises from Stuckelberg mechanism. We use the requirement that Z, W , and kaon
decays, as well as electron-neutrino scattering, are not altered by the new interactions beyond what
is allowed by experimental uncertainties. These constraints are strong and apply to neutrinophilic
dark matter, where interactions of neutrinos and dark matter via a new gauge boson are important.
In particular, we show that models where neutrino interactions are needed to solve the small-scale
structure problems in the ΛCDM cosmology are constrained.
I. INTRODUCTION
Neutrinos are feebly interacting yet ubiquitous
particles that govern many physical phenomena. The
roles that neutrinos play appear to be described by just
their weak interactions. However, neutrino detection
remains technically challenging and it is possible that
new interactions that affect neutrinos have escaped
discovery. These hidden neutrino interactions [1, 2] have
thus been invoked for solving a variety of problems
related to cosmological structure formation, neutrino
oscillation anomalies, and dark matter [3–11].
If the new interactions are mediated by a heavy boson,
they can be effectively described using a modified Fermi
constant [12–14]. However, a rich phenomenology is
possible for interactions through new light bosons that
are kinematically accessible. A massless boson leads
to a 1/r2 force that is strongly constrained [15], so we
focus on a light but not massless mediator. If the boson
is heavier than about an MeV then it can decay into
charged fermions, e.g., an electron-positron pair, which
can be tested at collider experiments [16, 17]. The most
challenging scenario is if the boson is lighter than about
an MeV, so that it can only decay “invisibly” to a
neutrino-antineutrino pair.
Models of light scalar bosons coupled to neutrinos,
e.g., Majorons, have been extensively studied, and
there are strong constraints on such couplings [18–
36]. Interestingly, interactions with a new light vector
boson seem to have been largely overlooked and we
address this possibility in this paper. The only previous
constraints [37] on this are from the propagation of
neutrinos from SN 1987A, and we improve these by
orders of magnitude. A strong limit on neutrino self-
interactions was claimed by [38] based on the effects
of neutrino self-scattering in SN 1987A; however, this
argument was refuted by [39], who showed that such
interactions would have no effect on the observed signal.
To be concrete, we assume a light vector gauge boson
V , which has a mass mV ∼ MeV and couples only to
Standard Model neutrinos (ν) and charged leptons (`)
through their V-A current: −gν
(
` /V PL`− ν /V PLν
)
. This
current is anomalous and thus nonconserved, with the
anomaly proportional to the fermion mass which will
arise from gauge-invariant but nonrenormalizable terms.
The model is thus an effective theory valid to some scale
ΛUV that we shall determine soon.
The boson mass may be generated using the
Stuckelberg mechanism when V is an abelian gauge
boson [40, 41]. Such a boson V derived from the
Stuckelberg action could have an arbitrarily small
mass. However, the anomaly in the model leads
to radiative corrections of size approximately δmV &
e g2ν/(4pi)
3ΛUV [42], which roughly gives the minimum
mV scale for a given cut-off. Or conversely, the maximum
UV-cutoff is determined for a givenmV . We have checked
that taking the region of parameter space constrained in
this work is satisfied if ΛUV ∼ 500 GeV. If the mass
arises from the Higgs mechanism, e.g., for a nonabelian
gauge boson, these corrections are typically larger and
a small mass is unnatural. We shall therefore focus on
the Stuckelberg case in this work. An abelian V could
also kinetically mix with photons, which provides an
additional avenue for probing these hidden bosons [31–
36]. Here we focus on constraining the above-mentioned
neutrino-boson interaction. We ignore neutrino masses,
as they do not affect our results significantly. To be
conservative, we also assume that V does not couple to
quarks.
Our strategy is to demand that the decays of
electroweak gauge bosons, i.e., Z and W , and mesons,
e.g., kaons, as well as leptonic scattering, e.g., elastic
electron-neutrino scattering, remain consistent with
existing measurements. Emission of a V boson from
a final state lepton increases the decay width and can
turn a 2-body process with a monoenergetic charged
lepton into a 3-body process in which the charged lepton
has a continuous spectrum, indicating the presence of a
new invisible particle carrying away the missing energy.
Similarly, leptonic scattering mediated by V in addition
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2to electroweak bosons can drastically modify the cross
section. These considerations allow us to set stringent
bounds on extra neutrino interactions. Although the
V may also couple to dark matter, that coupling is not
strictly relevant here.
We assume equal coupling of the V boson to the
charged and neutral leptons, as would be dictated by
unbroken SU(2)L gauge invariance. Phenomenologically
it is also interesting to consider the case where the
coupling to charged leptons is negligible, e.g., Ref. [8],
but we are not aware of a detailed implementation that is
consistent with electroweak precision tests. Nonetheless,
we shall show that some of our results do not explicitly
require a nonzero coupling to a charged lepton and
therefore can be used to constrain even the purely
neutrinophilic models.
Although our study of extra neutrino interactions is
general, our conclusions apply in particular to scenarios
where dark matter also couples to the new boson. A
particular variant of these neutrinophilic dark matter
models may solve all the small-scale structure problems
in the ΛCDM cosmology [8]. Precision measurements of
the cosmic microwave background provide overwhelming
evidence for dark matter (DM) being the dominant form
of matter in the Universe [43–45]. These and other
measurements at large distance scales are in remarkable
agreement with the predictions of the Lambda Cold Dark
Matter (ΛCDM) model [46–48]. However, at the scales of
galaxy clusters, galaxies, and yet smaller objects, ΛCDM
predictions do not match the observations [49].
There are three important and enduring problems at
small scales. First, “core vs. cusp” – flat cores are
observed in the density profiles of dwarf galaxies, whereas
numerical simulations predict sharp cusps [50–57].
Second, “too big to fail” – the most massive subhalos
found in numerical simulations are denser than the
visible subhalos of the Milky Way [58, 59]. Third,
“missing satellites” – fewer satellite galaxies are observed
than predicted in numerical simulations [60–68].
It has proven difficult to provide a solution – whether
by using baryonic physics [69–77] or new particle
physics [78–96] – to all three of these small-scale
problems simultaneously while remaining consistent with
the large-scale observations of ΛCDM. Neutrinophilic
dark matter may address this vexing issue. Given the
importance of the tension between the ΛCDM model
and observations on small scales, it is urgent to test this
possible resolution [8]. However, this is quite challenging
because the only other particles whose phenomenology is
affected are the hard to detect neutrinos (in the model
of Ref. [8], Standard Model neutrinos; the extension to
sterile neutrinos [8] is discussed below). We illustrate the
importance of our constraints by comparing them to the
requirements of this scenario.
In the context of neutrinophilic dark matter, an
obvious way to constrain extra neutrino interactions is
to search for neutrinos from dark matter annihilation.
For example, dark matter that couples to V and
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FIG. 1. Constraints on hidden neutrino interactions. If
V couples only to neutral active leptons, then only our
constraint from Z decay applies. If V couples equally
also to charged leptons, all of our constraints apply. The
hatched region shows the parameter space of mediator mass
and coupling that solves the missing satellites problem of
ΛCDM [8]. These constraints are valid for ΛUV ∼ 500 GeV.
See text for details.
annihilates primarily to neutrinos that may be detected
at neutrino telescopes. However, current and projected
sensitivities [97–101] are not strong enough [8]. Stellar
and supernova cooling arguments can be invoked to
constrain light vector bosons [102]. Neutrinoless double
beta decay may also constrain such a scenario [103].
Our results are shown in Fig. 1. In the following, we
present these in order of increasingly tight limits, and
then conclude.
II. CONSTRAINTS FROM DECAYS
A. Z decay
A light vector boson V that couples to neutrinos may
be constrained by the invisible decay width of the Z-
boson. In the invisible decay Z → νν (branching ratio
∼20%), a V -boson can be emitted from the final state
neutrino if a gνν /V ν coupling is allowed and if the mass
of the V -boson is less than the Z-boson mass. The 3-
body decay of the Z-boson (shown in Fig. 2) increases
the total decay width of the Z. The total decay width of
the Z-boson, as measured in the laboratory, is (2.4952±
0.0023) GeV, in good agreement with the theoretically
calculated value of (2.4949 +0.0021−0.0074) GeV [104, 105].
3Z
ν
ν
V
FIG. 2. Feynman diagram for Z-boson decay to neutrinos
where a V is radiated from the final state antineutrino.
We also take into account another diagram where the V is
radiated from the final state neutrino.
The amplitude for this process can be written as
MZ = gνg
2 cos θW
µ(pV )
∗
α(pZ)× (1)
u(pν)
[
− γα (/pν + /pV )
(pν + pV )2
γµ + γµ
/pν + /pV
(pν + pV )2
γα
]
PLv(pν) ,
where pi denotes the four-momentum of particle i, PL =
(1 − γ5)/2, the coupling of the Z to the neutrino is
g, and θW is the weak mixing angle. The negative
sign comes from the flow of momentum opposite to the
lepton current. This decay satisfies all five criteria for
application of the narrow-width approximation [106], so
the final state V is treated as an on-shell particle.
The decay rate can then be calculated by squaring
this amplitude and using the polarization sum for
the spin-1 vector boson, i.e., −gµν + (kµ kν)/m2V .
The double-differential decay rate [104] in terms of
the Dalitz variables m212 = (pν + pν)
2 and m223 =
(pν + pV )
2 is then given by dΓ(Z → ννV ) =
|MZ |2 dm223 dm212/(256pi3m3Z). We integrate this over
the allowed ranges ofm223 andm
2
12, as given in Eq. (40.22)
of Ref. [104], to obtain the 3-body decay rate.
Since the observed decay rate of the Z-boson agrees
very well with the theoretically expected value, we can
use the uncertainty in the measurement to constrain the
gν coupling. To obtain a one-sided 90% C.L. upper
limit on the neutrino-boson coupling gν , we demand
that Γ(Z → ννV ) ≤ 1.28 × 0.0023 GeV. For simplicity,
we have taken only the experimental error bar while
calculating this constraint, and including the theoretical
uncertainty would worsen our limit by a factor of ∼
1.4. The constraint is approximately given as gν . 0.03,
almost independent of the mass of the V -boson in our
considered range. For mV & 1 MeV, the V may also
decay to electron-positron pairs. For a decay of V outside
the detector, our constraint applies without change. If
this occurs inside the detector it would also be identified
as displaced vertex event that has not been seen. We
show the exact constraint in Fig. 1.
Note that there is only a weak logarithmic dependence
on mV – the longitudinal polarization modes of the
V , which lead to 1/m2V terms, are identically cancelled
between the two diagrams for massless neutrinos. This is
because of Ward identities for the current νγµPLν, which
is conserved up to neutrino mass terms.
This constraint applies directly to neutrinophilic dark
matter models, especially the scenario of Ref. [8], and is
also applicable to all neutrino flavors. We do not require
any features other than the interaction gνν /V ν. Of course,
constraints only apply if the neutrinos in question are
the Standard Model neutrinos; sterile neutrinos evade
this and all other subsequent electroweak constraints.
However, in that case the stringent limits on extra
degrees of freedom from cosmology will apply [43] and
this will require a larger value of gν than advocated
in [8]. Our constraint rules out the a significant portion
of the parameter space and is complementary to the
cosmological constraint from Big Bang Nucleosynthesis
(which depends on the present uncertainty on the extra
number of neutrino species) [107].
The constraint was derived assuming that single-
V emission could be treated perturbatively. At the
boundary we define, this is reasonable because the ratio
of the width of the 3-body mode to the total decay
width of the Z-boson is ∼ 0.1% and nonperturbative or
unitarity effects do not set in. Well above our constraints,
this approximation will not be valid and the cascade
emission of multiple V bosons will occur, for which non-
perturbative methods must be used [108, 109]. The decay
rate will still be much larger than what is measured and
hence the parameter space is ruled out. Additionally,
the physical scalar degree of freedom, related to the mass
generation of the V -boson, is assumed to be sufficiently
heavy to not affect the process.
The constraints derived here do not apply if the
vector boson V only couple to a sterile neutrino. Due
to the breakdown of the underlying effective theory,
the constraints are also not applicable for vector boson
masses much smaller than what is shown in the figure.
These caveats apply to all the limits derived in this work.
B. W decay
Our constraint on the light vector boson coupling to
neutrinos can be made stronger if the final state in the
decay contains charged leptons as well. We consider
the impact of a universal V coupling to neutrinos and
charged leptons in the following. Similar considerations
have been applied for electroweak bremsstrahlung in dark
matter annihilation [110–112]. Our limits on the neutrino
interactions with a light V are new. The Feynman
diagram is similar to that in Fig. 2.
We first focus on the leptonic decay of the W boson
W− → `− ν` (branching ratio averaged over all three
flavors ∼ 10%), which is closely related to the Z decay
discussed above. The main difference here is that a V -
boson can also be radiated from the charged lepton, in
4V
ν¯µ
µ−
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as
fK W−
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sK−
{
FIG. 3. Feynman diagram for K−(u¯s) decay to a muon where
a V is radiated from the final state antineutrino. We also take
into account another diagram where the V is also radiated
from the muon. The hadronic matrix element 〈0|uγα(1 −
γ5)s|K−〉 = fK pαK is denoted by the shaded circle.
addition to that from the neutrino. As for the Z decay,
the longitudinal mode of V couples to the anomaly in the
lepton current – here approximately the charged lepton
mass. If we consider decays to the third generation,
because the τ lepton is the heaviest, the limit will be
the strongest.
The 3-body decay of the W -boson leads to additional
events with missing energy, increasing the total decay
width of the W . The additional width can then be
compared to the measured width of the W boson to
obtain constraints. The experimentally-measured total
decay width of the W is 2.085± 0.042 GeV [104], which
agrees very well with the theoretically-calculated value,
2.091± 0.002 GeV [104]. If the rate of V -boson emission
were too large, then the increase in the calculated total
width would be inconsistent with experiment. To obtain
a one-sided 90% C.L. upper limit on the neutrino-boson
coupling gν , we demand that Γ(W
− → `− ν` V ) ≤
1.28× 0.042 GeV. The constraints on W -boson decay to
the tau lepton is shown in Fig. 1. The decay rate scales
as Γ ∼ g2νm2`/m2V , and hence the constraint is a straight
in the gν − mV plane. The constraints on gν from the
decays W → µνµV and W → eνeV are weaker by a
factor proportional to the charged lepton mass. The
limit would be stronger by an order of magnitude if the
V were to couple to the neutrino only, but the result is
no longer gauge-invariant. The conditions under which
these constraints do not apply were mentioned at the end
of the Z decay section.
C. Kaon decay
An even stronger constraint can be obtained from
kaon decay, again assuming that V couples to both the
neutrinos and charged leptons. The basic idea is the same
as above, but instead of the decay width, we look at the
distortion of the charged lepton spectrum due to excess
missing energy in kaon decays. Kaons dominantly decay
(branching ratio ∼ 65%) via the 2-body leptonic channel
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FIG. 4. Muon spectra from kaon decay for the standard 2-
body decay K− → µ− νµ (solid blue) measured in [113] along
with the hypothetical 3-body decay K− → µ− νµ V (dashed
red) with gν = 10
−2 and mV = 0.5 MeV. The shaded region
shows the search region of Ref. [114], where no excess events
were found. From this we derive an upper bound on the 3-
body differential decay rate that is ∼104 times lower than the
dashed red line.
K− → µ− νµ, for which the muon energy spectrum
is a delta function in the kaon rest frame. If a new
vector boson couples to leptons as assumed, then there
can be V -boson emission from the final states if mV .
mK −mµ ≈ 388 MeV; the 3-body decay K− → µ− νµV ,
has a dramatically different muon spectrum.
We consider the 3-body decay K− → µ− νµ V , as
shown in Fig. 3. Much of the calculation is similar
to that for a related limit on parity-violating muonic
forces [19]. In Fig. 4, we show the muon spectrum from
kaon decay in two cases: when V emission is forbidden
(K− → µ−ν¯µ) and when it is allowed (K− → µ−ν¯µV ).
In both cases, we plot dΓ/dEµ normalized by the total
(all modes) decay width Γtot. For the 2-body decay,
the muons have a monoenergetic spectrum with Eµ =
258 MeV; we show the measured result (including energy
resolution) [113]. For the 3-body decay, the muons have
a continuum spectrum; we show this for gν = 10
−2 and
mV = 0.5 MeV. This produces events at energies where
no excess events above the Standard Model background
were observed (shaded region) [114]. We also show the
approximate upper limit that we derive (in the energy
range used for the search) from the upper limit presented
in Ref. [114].
To obtain our constraint, we use the results
from a search for missing-energy events in kaon
decays with muons having kinetic energies between
60 MeV to 100 MeV (Eµ between 165.5 MeV and
205.5 MeV). We integrate our calculated differential
decay rate, dΓ/dEµ, over this range of Eµ to
5obtain the partial decay width Γ(K− → µ− νµ V ).
The measured constraint on the branching ratio
Γ(K−→ µ− + inv.)/Γ(K−→ µ− νµ) ≤ 3.5× 10−6 [114]
leads to the limit on gν shown in Fig. 1. If the V boson
were to couple only to the neutrino, then the limit on gν
would naively be a factor of ∼ 3 stronger than what is
presented here.
The constraints from W and kaon decays do not apply
directly to purely neutrinophilic models, e.g., Ref. [8],
because no gauge-invariant implementation of the basic
idea is available. An important issue that must be noted
is that the longitudinal mode of V couples to the anomaly
in the fermion current, and results in a contribution
proportional to the charged lepton mass-squared to the
decay rate. These lepton masses cannot be written down
using renormalizable gauge-invariant operators unless
one makes modifications to the Higgs sector or couples
the right-handed leptons to V . The lepton masses may
also be generated by nonrenormalizable operators, as in
Ref. [42], which would then provide a natural UV cutoff
to the calculations. Since in this effective model, the
minimum V -boson mass is mV & e g2ν/(4pi)3ΛUV [42],
i.e., proportional to the UV cutoff of the theory, it is
not possible to take to take the limit of mV → 0 in this
model.
III. CONSTRAINT FROM SCATTERING
A very strong constraint can be obtained by
considering neutrino-electron scattering at very low
neutrino energies, e.g., as in solar neutrino detection.
Numerous astrophysical and neutrino measurements
have confirmed the standard solar model fluxes, which we
take as an input to constrain any additional interactions
between neutrinos and electrons in the detector. The
present uncertainty in the solar neutrino flux modeling
(∼ 10%) is much smaller than the possible effects of
extra neutrino interaction, allowing us to ignore the
uncertainties in these fluxes. For definiteness, we use
the measurement of the 862 keV line of the 7Be neutrino
flux [115]. This choice of using a neutrino line (instead of
a continuum spectrum) circumvents the uncertainty due
to the shape of the neutrino spectrum.
Solar neutrinos, which are produced as νe, change to νµ
or ντ with a probability of ∼ 50% at these energies [115].
The presence of this new vector boson would alter
the charged current (CC) interaction between solar νe
neutrinos and target electrons in the detector. It would
also alter the νµ or ντ interaction with electrons via the
weak neutral current (NC) interaction. For large values
of gν , the cross section can be completely dominated by
the V -boson exchange. Since the Standard Model CC
interactions are greater than the Standard Model NC
interactions by a factor of ∼ 4, we conservatively require
that the new interaction mediated by the V be smaller
than 10 times the NC interaction mediated by the Z-
boson.
TABLE I. Summary of constraints on new interactions of
neutrinos with light vector gauge bosons at mV = 1 MeV.
Process Interaction Constraint
Z → ννV gνν /V ν gν . 3× 10−2
W → τ−ντV gν(ν /V ν + ` /V `) gν . 2× 10−3
K− → µ−νµV gν(ν /V ν + ` /V `) gν . 3× 10−4
νe→ νe gν(ν /V ν + ` /V `) gν . 3× 10−6
The presence of this V will also affect the matter
potential as experienced by the neutrinos. However,
since the propagation of neutrinos is adiabatic at these
energies, and depends on the vacuum mixing angles
(which have been measured separately in the laboratory),
there will be minimal effect of this change on the
neutrinos.
In the limit of small mV  mZ , the ratio of the cross
section mediated by V to the cross section mediated by
Z can be written as
σνµe;V
σνµe;Z
≈
(
g4ν
me ∆
(m2V + 2meEth)(m
2
V + 2meEν)
)
(
2G2F meEν(g
ν
L)
2
)−1
(
(geL)
2 ∆
Eν
+ (geR)
2∆(∆
2 + 3m2e − 3me∆)
3E3ν
)−1
(2)
where Eν is the incident neutrino energy, Eth (≈ 270 keV)
is the threshold kinetic energy of the electron used in the
search [115], and ∆ = Eν −Eth. The above expression is
independent of the longitudinal degree of freedom of V .
Requiring σνµ e;V /σνµ e;Z ≤ 10, we get the very strong
constraint in the gν − mV plane shown in Fig. 1. For
mV & 1 MeV, the vector boson can be treated as an
effective operator and hence the constraint scales as
gν ∝ mV . At lower boson masses, the constraint is
primarily determined by the threshold of the search and
hence becomes independent of the boson mass. Although
we have shown the constraint specifically for νµ, the
constraint could be generalized to all neutrino flavors.
IV. SUMMARY AND CONCLUSIONS
We derive strong new constraints on neutrino
interactions with an Abelian light vector boson, where
the mass is generated by Stuckelberg mechanism,
using its impact on electroweak decay and scattering
processes, as summarized in Table I. Our derived
constraint is orders of magnitude stronger than the
previous constraint on light vector boson interacting with
neutrinos, gν/mV . 12 MeV−1 [37]. To the best of
our knowledge, these are the most stringent constraints
6on these interactions. These constraints have a strong
impact on the viability of models that make use of
additional neutrino interactions.
The previous limits on heavy bosons [12, 13], apply
only if the new vector boson is much heavier than all
other mass scales in the problems. Hence the application
of effective operators was justified in those works. For
the case of massless Majorons, which can be treated as
a final state particle, the Majoron mass does not enter
the decay processes typically considered in the literature,
significantly simplifying the calculations. In our case, we
have focused on a range of V -boson mass values where
none of these approximations hold true.
The constraint from Z decay, while weaker than others,
has the advantage that it does not explicitly require the
V to couple to charged leptons. This constraint can be
directly applied to purely neutrinophilic bosons, e.g., as
in Ref. [8]. For processes that involve charged leptons, we
also assume that V couples to both neutrinos and charged
leptons equally in order to preserve gauge invariance. All
of our derived constraints on decays scale as g2ν , so that
even a factor of ∼ 3 change in the coupling will produce
a factor of ∼ 10 change in the decay rates, which would
grossly contradict experimentally measured values. The
neutrino-electron scattering constraint scales as g4ν , which
very strongly constrains the coupling of the V to the
neutrino and the electron.
Our constraints are avoided by sterile neutrinos, which
do not couple to the electroweak gauge bosons. We
have also treated the V emission perturbatively. At
the boundary we define, this is reasonable because the
contribution of V is small. Far above our constraint,
this approximation will not be valid and the cascade
emission of multiple V bosons will occur, for which
non-perturbative methods must be used. We have not
specified the origin of lepton masses in these models – the
usual Higgs mechanism must be modified for leptons that
are now charged under a new gauge group. The masses
may be generated by using higher dimension operators,
which would impose a UV cutoff, proportional to a loop-
factor times mV , on these scenarios and our calculations.
This also ensures that mV cannot be taken to be too
small. Modulo these caveats, we expect our results to
be quite robust relative to the large range of parameters
in Fig. 1. Outside the range of what is shown in Fig. 1,
the constraints continue, unless they reach a kinematic
threshold or they reach the validity of the underlying
effective theory.
A particular class of models that posit extra neutrino
interactions of the kind we consider are neutrinophilic
dark matter models. Recently, for various astrophysical
and cosmological reasons, there has been increased
interest in such models. One of the potentially interesting
consequences of such interactions would be to delay DM
kinetic decoupling and to provide a natural and elegant
particle physics solution to the missing-satellites problem
of ΛCDM [8]. As an illustration of the importance of
our constraints we show how our limits impose nontrivial
requirements on this idea.
In conclusion, most hints of new physics, e.g., neutrino
masses and dark matter, point towards the existence of
a hidden sector weakly coupled to the Standard Model.
While it is traditionally believed to be mediated by
particles at a heavier mass scale, it is also plausible that
the new physics is instead at low energies and weakly
coupled. Light vector bosons realize such a paradigm,
and we hope that our constraints on their interactions to
neutrinos and charged leptons will serve as a useful guide
to phenomenology.
ACKNOWLEDGMENTS
We thank Bhubanjyoti Bhattacharya, Jo Bovy,
Sheldon Campbell, Zackaria Chacko, Daniel Hernandez
Diaz, Shunsaku Horiuchi, Kohta Murase, Kenny C. Y.
Ng, Stuart Raby, Justin Read, Carsten Rott, Guenter
Sigl, Giovanni Villadoro, Matthew Walker, Hai-Bo Yu,
and especially Torsten Bringmann, Christoph Pfrommer,
Maxim Pospelov, and Laura van den Aarssen for
discussions. We thank the referees for useful suggestions.
We acknowledge the use of JaxoDraw [116] and
FeynCalc [117] for Feynman diagrams and calculations,
respectively. RL thanks the Aspen Center for Physics,
funded by NSF Grant PHY-1066293, where a part of
this work was done. RL and JFB are supported by NSF
Grant PHY-1101216 awarded to JFB.
[1] Z. Bialynicka-Birula, “Do Neutrinos Interact between
Themselves?”, Nuovo Cim. 33 (1964) 1484–1487.
[2] D. Y. Bardin, S. M. Bilenky, and B. Pontecorvo, “On
the nu - nu interaction”, Phys.Lett. B32 (1970)
121–124.
[3] Z. G. Berezhiani and R. N. Mohapatra, “Reconciling
present neutrino puzzles: Sterile neutrinos as mirror
neutrinos”, Phys.Rev. D52 (1995) 6607–6611,
arXiv:hep-ph/9505385.
[4] Z. Berezhiani, A. Dolgov, and R. Mohapatra,
“Asymmetric inflationary reheating and the nature of
mirror universe”, Phys.Lett. B375 (1996) 26–36,
arXiv:hep-ph/9511221.
[5] C. Boehm and P. Fayet, “Scalar dark matter
candidates”, Nucl.Phys. B683 (2004) 219–263,
arXiv:hep-ph/0305261.
[6] P. Fayet, “U-boson production in e+ e- annihilations,
psi and Upsilon decays, and Light Dark Matter”,
Phys.Rev. D75 (2007) 115017, arXiv:hep-ph/0702176.
7[7] P. J. Fox and E. Poppitz, “Leptophilic Dark Matter”,
Phys.Rev. D79 (2009) 083528, arXiv:0811.0399.
[8] L. G. van den Aarssen, T. Bringmann, and
C. Pfrommer, “Is dark matter with long-range
interactions a solution to all small-scale problems of
Lambda CDM cosmology?”, Phys.Rev.Lett. 109 (2012)
231301, arXiv:1205.5809.
[9] J. Huang and A. E. Nelson, “MeV dark matter in the
3+1+1 model”, Phys.Rev. D88 (2013) 033016,
arXiv:1306.6079.
[10] Y. Zhang, X. Ji, and R. N. Mohapatra, “A Naturally
Light Sterile neutrino in an Asymmetric Dark Matter
Model”, arXiv:1307.6178.
[11] O. Miranda, C. Moura, and A. Parada, “Sterile
neutrinos, dark matter, and resonant effects in ultra
high energy regimes”, arXiv:1308.1408.
[12] M. S. Bilenky, S. M. Bilenky, and A. Santamaria,
“Invisible width of the Z boson and ’secret’
neutrino-neutrino interactions”, Phys.Lett. B301
(1993) 287–291.
[13] M. S. Bilenky and A. Santamaria, “’Secret’ neutrino
interactions”, arXiv:hep-ph/9908272.
[14] S. Davidson, C. Pena-Garay, N. Rius, and
A. Santamaria, “Present and future bounds on
nonstandard neutrino interactions”, JHEP 0303
(2003) 011, arXiv:hep-ph/0302093.
[15] A. D. Dolgov and G. G. Raffelt, “Screening of long
range leptonic forces by cosmic background neutrinos”,
Phys.Rev. D52 (1995) 2581–2582,
arXiv:hep-ph/9503438.
[16] B. Batell, M. Pospelov, and A. Ritz, “Probing a
Secluded U(1) at B-factories”, Phys.Rev. D79 (2009)
115008, arXiv:0903.0363.
[17] B. Batell, M. Pospelov, and A. Ritz, “Exploring
Portals to a Hidden Sector Through Fixed Targets”,
Phys.Rev. D80 (2009) 095024, arXiv:0906.5614.
[18] V. D. Barger, W.-Y. Keung, and S. Pakvasa, “Majoron
Emission by Neutrinos”, Phys.Rev. D25 (1982) 907.
[19] V. Barger, C.-W. Chiang, W.-Y. Keung, and
D. Marfatia, “Constraint on parity-violating muonic
forces”, Phys.Rev.Lett. 108 (2012) 081802,
arXiv:1109.6652.
[20] S. Hannestad and G. Raffelt, “Constraining invisible
neutrino decays with the cosmic microwave
background”, Phys.Rev. D72 (2005) 103514,
arXiv:hep-ph/0509278.
[21] C. Boehm, P. Fayet, and R. Schaeffer, “Constraining
dark matter candidates from structure formation”,
Phys.Lett. B518 (2001) 8–14, arXiv:astro-ph/0012504.
[22] C. Boehm, H. Mathis, J. Devriendt, and J. Silk,
“WIMP matter power spectra and small scale power
generation”, Mon.Not.Roy.Astron.Soc. 360(1) (2005)
282–287, arXiv:astro-ph/0309652.
[23] C. Boehm and R. Schaeffer, “Constraints on dark
matter interactions from structure formation:
Damping lengths”, Astron.Astrophys. 438, Issue 2
(August I 2005) 419–442, arXiv:astro-ph/0410591.
[24] C. Boehm, “Implications of a new light gauge boson
for neutrino physics”, Phys.Rev. D70 (2004) 055007,
arXiv:hep-ph/0405240.
[25] G. Mangano, A. Melchiorri, P. Serra, A. Cooray, and
M. Kamionkowski, “Cosmological bounds on dark
matter-neutrino interactions”, Phys.Rev. D74 (2006)
043517, arXiv:astro-ph/0606190.
[26] P. Serra, F. Zalamea, A. Cooray, G. Mangano, and
A. Melchiorri, “Constraints on neutrino – dark matter
interactions from cosmic microwave background and
large scale structure data”, Phys.Rev. D81 (2010)
043507, arXiv:0911.4411.
[27] P. Fayet, D. Hooper, and G. Sigl, “Constraints on light
dark matter from core-collapse supernovae”,
Phys.Rev.Lett. 96 (2006) 211302,
arXiv:hep-ph/0602169.
[28] J. F. Beacom, N. F. Bell, and S. Dodelson,
“Neutrinoless universe”, Phys.Rev.Lett. 93 (2004)
121302, arXiv:astro-ph/0404585.
[29] Y. Farzan, “Bounds on the coupling of the Majoron to
light neutrinos from supernova cooling”, Phys.Rev.
D67 (2003) 073015, arXiv:hep-ph/0211375.
[30] J. F. Beacom and N. F. Bell, “Do solar neutrinos
decay?”, Phys.Rev. D65 (2002) 113009,
arXiv:hep-ph/0204111.
[31] M. Reece and L.-T. Wang, “Searching for the light
dark gauge boson in GeV-scale experiments”, JHEP
0907 (2009) 051, arXiv:0904.1743.
[32] R. Essig, R. Harnik, J. Kaplan, and N. Toro,
“Discovering New Light States at Neutrino
Experiments”, Phys.Rev. D82 (2010) 113008,
arXiv:1008.0636.
[33] A. Rashed, M. Duraisamy, and A. Datta,
“Nonstandard interactions of tau neutrino via charged
Higgs and W
′
contributions”, Phys. Rev. D 87 (2013),
no. 1, 013002, arXiv:1204.2023.
[34] Y. Aditya, K. J. Healey, and A. A. Petrov, “Searching
for super-WIMPs in leptonic heavy meson decays”,
Phys.Lett. B710 (2012) 118–124, arXiv:1201.1007.
[35] C. Boehm, M. J. Dolan, and C. McCabe, “A Lower
Bound on the Mass of Cold Thermal Dark Matter
from Planck”, arXiv:1303.6270.
[36] T. Beranek and M. Vanderhaeghen, “Constraints on
the Dark Photon Parameter Space from Leptonic Rare
Kaon Decays”, Phys.Rev. D87 (2013) 015024,
arXiv:1209.4561.
[37] E. W. Kolb and M. S. Turner, “Supernova SN 1987a
and the Secret Interactions of Neutrinos”, Phys.Rev.
D36 (1987) 2895.
[38] A. Manohar, “A Limit on the Neutrino-neutrino
Scattering Cross-section From the Supernova”,
Phys.Lett. B192 (1987) 217.
[39] D. A. Dicus, S. Nussinov, P. B. Pal, and V. L. Teplitz,
“Implications of Relativistic Gas Dynamics for
Neutrino-neutrino Cross-sections”, Phys.Lett. B218
(1989) 84.
[40] T. J. Allen, M. J. Bowick, and A. Lahiri, “Topological
mass generation in (3+1)-dimensions”, Mod.Phys.Lett.
A6 (1991) 559–572.
[41] H. Ruegg and M. Ruiz-Altaba, “The Stueckelberg
field”, Int.J.Mod.Phys. A19 (2004) 3265–3348,
arXiv:hep-th/0304245.
[42] B. Batell, D. McKeen, and M. Pospelov, “New
Parity-Violating Muonic Forces and the Proton Charge
Radius”, Phys.Rev.Lett. 107 (2011) 011803,
arXiv:1103.0721.
[43] P. Ade et al., “Planck 2013 results. XVI. Cosmological
parameters”, arXiv:1303.5076.
8[44] Z. Hou, C. Reichardt, K. Story, B. Follin, R. Keisler,
et al., “Constraints on Cosmology from the Cosmic
Microwave Background Power Spectrum of the
2500-square degree SPT-SZ Survey”, arXiv:1212.6267.
[45] J. L. Sievers, R. A. Hlozek, M. R. Nolta,
V. Acquaviva, G. E. Addison, et al., “The Atacama
Cosmology Telescope: Cosmological parameters from
three seasons of data”, arXiv:1301.0824.
[46] W. J. Percival et al., “Baryon Acoustic Oscillations in
the Sloan Digital Sky Survey Data Release 7 Galaxy
Sample”, Mon.Not.Roy.Astron.Soc. 401 (2010)
2148–2168, arXiv:0907.1660.
[47] B. A. Reid, W. J. Percival, D. J. Eisenstein, L. Verde,
D. N. Spergel, et al., “Cosmological Constraints from
the Clustering of the Sloan Digital Sky Survey DR7
Luminous Red Galaxies”, Mon.Not.Roy.Astron.Soc.
404 (2010) 60–85, arXiv:0907.1659.
[48] D. H. Weinberg, M. J. Mortonson, D. J. Eisenstein,
C. Hirata, A. G. Riess, et al., “Observational Probes of
Cosmic Acceleration”, arXiv:1201.2434.
[49] L. E. Strigari, “Galactic Searches for Dark Matter”,
arXiv:1211.7090.
[50] M. G. Walker and J. Penarrubia, “A Method for
Measuring (Slopes of) the Mass Profiles of Dwarf
Spheroidal Galaxies”, Astrophys.J. 742 (2011) 20,
arXiv:1108.2404.
[51] J. Penarrubia, A. Pontzen, M. G. Walker, and S. E.
Koposov, “The coupling between the core/cusp and
missing satellite problems”, arXiv:1207.2772.
[52] M. G. Walker, “Dark Matter in the Milky Way’s
Dwarf Spheroidal Satellites”, arXiv:1205.0311.
[53] W. de Blok, “The Core-Cusp Problem”, Adv.Astron.
2010 (2010) 789293, arXiv:0910.3538.
[54] J. F. Navarro, A. Ludlow, V. Springel, J. Wang,
M. Vogelsberger, et al., “The Diversity and Similarity
of Cold Dark Matter Halos”, arXiv:0810.1522.
[55] S.-H. Oh, W. de Blok, E. Brinks, F. Walter, and
J. Kennicutt, Robert C., “Dark and luminous matter
in THINGS dwarf galaxies”, arXiv:1011.0899.
[56] F. Sanchez-Salcedo, J. Reyes-Iturbide, and
X. Hernandez, “An extensive study of dynamical
friction in dwarf galaxies: the role of stars, dark
matter, halo profiles and mond”,
Mon.Not.Roy.Astron.Soc. 370 (2006) 1829–1840,
arXiv:astro-ph/0601490.
[57] M. Walker, C. Combet, J. Hinton, D. Maurin, and
M. Wilkinson, “Dark matter in the classical dwarf
spheroidal galaxies: a robust constraint on the
astrophysical factor for gamma-ray flux calculations”,
Astrophys.J. 733 (2011) L46, arXiv:1104.0411.
[58] M. Boylan-Kolchin, J. S. Bullock, and M. Kaplinghat,
“Too big to fail? The puzzling darkness of massive
Milky Way subhaloes”, Mon.Not.Roy.Astron.Soc. 415
(2011) L40, arXiv:1103.0007.
[59] M. Boylan-Kolchin, J. S. Bullock, and M. Kaplinghat,
“The Milky Way’s bright satellites as an apparent
failure of LCDM”, Mon.Not.Roy.Astron.Soc. 422
(2012) 1203–1218, arXiv:1111.2048.
[60] J. Zavala, Y. Jing, A. Faltenbacher, G. Yepes,
Y. Hoffman, et al., “The velocity function in the local
environment from LCDM and LWDM constrained
simulations”, Astrophys.J. 700 (2009) 1779–1793,
arXiv:0906.0585.
[61] A. A. Klypin, A. V. Kravtsov, O. Valenzuela, and
F. Prada, “Where are the missing Galactic satellites?”,
Astrophys.J. 522 (1999) 82–92,
arXiv:astro-ph/9901240.
[62] A. V. Kravtsov, “Dark matter substructure and dwarf
galactic satellites”, Adv.Astron. 2010 (2010) 281913,
arXiv:0906.3295.
[63] B. Moore, S. Ghigna, F. Governato, G. Lake, T. R.
Quinn, et al., “Dark matter substructure within
galactic halos”, Astrophys.J. 524 (1999) L19–L22,
arXiv:astro-ph/9907411.
[64] S. Kazantzidis, L. Mayer, C. Mastropietro,
J. Diemand, J. Stadel, et al., “Density profiles of cold
dark matter substructure: Implications for the missing
satellites problem”, Astrophys.J. 608 (2004) 663–3679,
arXiv:astro-ph/0312194.
[65] L. E. Strigari, J. S. Bullock, M. Kaplinghat,
J. Diemand, M. Kuhlen, et al., “Redefining the
Missing Satellites Problem”, Astrophys.J. 669 (2007)
676–683, arXiv:0704.1817.
[66] J. Wang, C. S. Frenk, J. F. Navarro, and L. Gao, “The
Missing Massive Satellites of the Milky Way”,
arXiv:1203.4097.
[67] J. S. Bullock, A. V. Kravtsov, and D. H. Weinberg,
“Hierarchical galaxy formation and substructure in the
Galaxy’s stellar halo”, Astrophys.J. 548 (2001) 33–46,
arXiv:astro-ph/0007295.
[68] J. S. Bullock, A. V. Kravtsov, and D. H. Weinberg,
“Reionization and the abundance of galactic satellites”,
Astrophys.J. 539 (2000) 517, arXiv:astro-ph/0002214.
[69] K. Tassis, A. V. Kravtsov, and N. Y. Gnedin, “Scaling
Relations of Dwarf Galaxies without Supernova-Driven
Winds”, Astrophys.J. 672 (2008) 888–903,
arXiv:astro-ph/0609763.
[70] A. Pontzen and F. Governato, “How supernova
feedback turns dark matter cusps into cores”,
arXiv:1106.0499.
[71] T. Sawala, C. Scannapieco, and S. D. White,
“Formation of Isolated Dwarf Galaxies with
Feedback”, arXiv:0902.1754.
[72] C. A. Vera-Ciro, A. Helmi, E. Starkenburg, and M. A.
Breddels, “Not too big, not too small: the dark halos
of the dwarf spheroidals in the Milky Way”,
arXiv:1202.6061.
[73] R. Teyssier, A. Pontzen, Y. Dubois, and J. Read,
“Cusp-core transformations in dwarf galaxies:
observational predictions”, arXiv:1206.4895.
[74] A. Zolotov, A. M. Brooks, B. Willman, F. Governato,
A. Pontzen, et al., “Baryons Matter: Why Luminous
Satellite Galaxies Have Reduced Central Masses”,
Astrophys.J. 761 (2012) 71, arXiv:1207.0007.
[75] S. Mashchenko, H. Couchman, and J. Wadsley,
“Cosmological puzzle resolved by stellar feedback in
high redshift galaxies”, Nature 442 (2006) 539,
arXiv:astro-ph/0605672.
[76] S. Mashchenko, J. Wadsley, and H. Couchman,
“Stellar Feedback in Dwarf Galaxy Formation”,
arXiv:0711.4803.
[77] J. Bovy and C. Dvorkin, “Low-mass suppression of the
satellite luminosity function due to the supersonic
baryon–cold-dark-matter relative velocity”,
arXiv:1205.2083.
9[78] D. N. Spergel and P. J. Steinhardt, “Observational
evidence for selfinteracting cold dark matter”,
Phys.Rev.Lett. 84 (2000) 3760–3763,
arXiv:astro-ph/9909386.
[79] P. Bode, J. P. Ostriker, and N. Turok, “Halo formation
in warm dark matter models”, Astrophys.J. 556
(2001) 93–107, arXiv:astro-ph/0010389.
[80] J. J. Dalcanton and C. J. Hogan, “Halo cores and
phase space densities: Observational constraints on
dark matter physics and structure formation”,
Astrophys.J. 561 (2001) 35–45,
arXiv:astro-ph/0004381.
[81] K. Sigurdson and M. Kamionkowski, “Charged -
particle decay and suppression of small - scale power”,
Phys.Rev.Lett. 92 (2004) 171302,
arXiv:astro-ph/0311486.
[82] M. Kaplinghat, “Dark matter from early decays”,
Phys.Rev. D72 (2005) 063510,
arXiv:astro-ph/0507300.
[83] M. Kaplinghat, L. Knox, and M. S. Turner,
“Annihilating the cold dark matter cusp crisis”,
Phys.Rev.Lett. 85 (2000) 3335,
arXiv:astro-ph/0005210.
[84] W. Hu, R. Barkana, and A. Gruzinov, “Cold and fuzzy
dark matter”, Phys.Rev.Lett. 85 (2000) 1158–1161,
arXiv:astro-ph/0003365.
[85] M. Kamionkowski and A. R. Liddle, “The Dearth of
halo dwarf galaxies: Is there power on short scales?”,
Phys.Rev.Lett. 84 (2000) 4525–4528,
arXiv:astro-ph/9911103.
[86] A. R. Zentner and J. S. Bullock, “Inflation, cold dark
matter, and the central density problem”, Phys.Rev.
D66 (2002) 043003, arXiv:astro-ph/0205216.
[87] J. L. Feng, M. Kaplinghat, and H.-B. Yu, “Halo Shape
and Relic Density Exclusions of Sommerfeld-Enhanced
Dark Matter Explanations of Cosmic Ray Excesses”,
Phys.Rev.Lett. 104 (2010) 151301, arXiv:0911.0422.
[88] J. L. Feng, M. Kaplinghat, and H.-B. Yu, “Sommerfeld
Enhancements for Thermal Relic Dark Matter”,
Phys.Rev. D82 (2010) 083525, arXiv:1005.4678.
[89] M. R. Buckley and P. J. Fox, “Dark Matter
Self-Interactions and Light Force Carriers”, Phys.Rev.
D81 (2010) 083522, arXiv:0911.3898.
[90] A. Loeb and N. Weiner, “Cores in Dwarf Galaxies
from Dark Matter with a Yukawa Potential”,
Phys.Rev.Lett. 106 (2011) 171302, arXiv:1011.6374.
[91] M. Vogelsberger, J. Zavala, and A. Loeb, “Subhaloes
in Self-Interacting Galactic Dark Matter Haloes”,
Mon.Not.Roy.Astron.Soc. 423 (2012) 3740,
arXiv:1201.5892.
[92] J. Zavala, M. Vogelsberger, and M. G. Walker,
“Constraining Self-Interacting Dark Matter with the
Milky Way’s dwarf spheroidals”, arXiv:1211.6426.
[93] S. Tulin, H.-B. Yu, and K. M. Zurek, “Resonant Dark
Forces and Small Scale Structure”, arXiv:1210.0900.
[94] M. Rocha, A. H. Peter, J. S. Bullock, M. Kaplinghat,
S. Garrison-Kimmel, et al., “Cosmological Simulations
with Self-Interacting Dark Matter I: Constant Density
Cores and Substructure”, arXiv:1208.3025.
[95] A. H. Peter, M. Rocha, J. S. Bullock, and
M. Kaplinghat, “Cosmological Simulations with
Self-Interacting Dark Matter II: Halo Shapes vs.
Observations”, arXiv:1208.3026.
[96] S. Tulin, H.-B. Yu, and K. M. Zurek, “Beyond
Collisionless Dark Matter: Particle Physics Dynamics
for Dark Matter Halo Structure”, arXiv:1302.3898.
[97] J. F. Beacom, N. F. Bell, and G. D. Mack, “General
Upper Bound on the Dark Matter Total Annihilation
Cross Section”, Phys.Rev.Lett. 99 (2007) 231301,
arXiv:astro-ph/0608090.
[98] R. Abbasi et al., “Search for Neutrinos from
Annihilating Dark Matter in the Direction of the
Galactic Center with the 40-String IceCube Neutrino
Observatory”, arXiv:1210.3557.
[99] R. Abbasi et al., “Search for Dark Matter from the
Galactic Halo with the IceCube Neutrino
Observatory”, Phys.Rev. D84 (2011) 022004,
arXiv:1101.3349.
[100] B. Dasgupta and R. Laha, “Neutrinos in
IceCube/KM3NeT as probes of Dark Matter
Substructures in Galaxy Clusters”, Phys.Rev. D86
(2012) 093001, arXiv:1206.1322.
[101] K. Murase and J. F. Beacom, “Galaxy Clusters as
Reservoirs of Heavy Dark Matter and High-Energy
Cosmic Rays: Constraints from Neutrino
Observations”, JCAP 1302 (2013) 028,
arXiv:1209.0225.
[102] G. Raffelt, “Stars as laboratories for fundamental
physics”, 1996.
[103] C. D. Carone, “Double beta decay with vector
majorons”, Phys.Lett. B308 (1993) 85–88,
arXiv:hep-ph/9302290.
[104] J. Beringer et al., “Review of Particle Physics (RPP)”,
Phys.Rev. D86 (2012) 010001.
[105] OPAL Collaboration, G. Abbiendi et al., “Precise
determination of the Z resonance parameters at LEP:
’Zedometry’”, Eur.Phys.J. C19 (2001) 587–651,
arXiv:hep-ex/0012018.
[106] D. Berdine, N. Kauer, and D. Rainwater, “Breakdown
of the Narrow Width Approximation for New
Physics”, Phys.Rev.Lett. 99 (2007) 111601,
arXiv:hep-ph/0703058.
[107] B. Ahlgren, T. Ohlsson, and S. Zhou, “Comment on
”Is Dark Matter with Long-Range Interactions a
Solution to All Small-Scale Problems of Λ CDM
Cosmology?””, arXiv:1309.0991.
[108] V. Berezinsky, M. Kachelriess, and S. Ostapchenko,
“Electroweak jet cascading in the decay of superheavy
particles”, Phys.Rev.Lett. 89 (2002) 171802,
arXiv:hep-ph/0205218.
[109] P. Ciafaloni and A. Urbano, “TeV scale Dark Matter
and electroweak radiative corrections”, Phys.Rev. D82
(2010) 043512, arXiv:1001.3950.
[110] M. Kachelriess and P. Serpico, “Model-independent
dark matter annihilation bound from the diffuse γ ray
flux”, Phys.Rev. D76 (2007) 063516, arXiv:0707.0209.
[111] N. F. Bell, J. B. Dent, T. D. Jacques, and T. J. Weiler,
“Electroweak Bremsstrahlung in Dark Matter
Annihilation”, Phys.Rev. D78 (2008) 083540,
arXiv:0805.3423.
[112] M. Kachelriess, P. Serpico, and M. A. Solberg, “On the
role of electroweak bremsstrahlung for indirect dark
matter signatures”, Phys.Rev. D80 (2009) 123533,
arXiv:0911.0001.
10
[113] F. Ambrosino et al., “Measurement of the absolute
branching ratio for the K+ to mu+ nu(gamma) decay
with the KLOE detector”, Phys.Lett. B632 (2006)
76–80, arXiv:hep-ex/0509045.
[114] C. Pang, R. Hildebrand, G. Cable, and R. Stiening,
“Search for rare k+ decays. i. k+ to mu+ nu anti-nu
nu”, Phys.Rev. D8 (1973) 1989–2003.
[115] G. Bellini, J. Benziger, D. Bick, S. Bonetti, G. Bonfini,
et al., “Precision measurement of the 7Be solar
neutrino interaction rate in Borexino”, Phys.Rev.Lett.
107 (2011) 141302, arXiv:1104.1816.
[116] D. Binosi, J. Collins, C. Kaufhold, and L. Theussl,
“JaxoDraw: A Graphical user interface for drawing
Feynman diagrams. Version 2.0 release notes”,
Comput.Phys.Commun. 180 (2009) 1709–1715,
arXiv:0811.4113.
[117] R. Mertig, M. Bohm, and A. Denner, “FEYN CALC:
Computer algebraic calculation of Feynman
amplitudes”, Comput.Phys.Commun. 64 (1991)
345–359.
